Abstract We present the results of a photon cluster search in the γ-ray sky observed by the Fermi Large Area Telescope, using the new Pass 8 dataset, at energies higher than 10 GeV. By means of the Minimum Spanning Tree (MST) algorithm, we found 25 clusters associated with catalogued blazars not previously known as γ-ray emitters. The properties of these sources are discussed.
Introduction
In two previous papers, Campana et al. (2015, hereafter Paper I) and Campana et al. (2016, hereafter Paper II) , we successfully applied a cluster-finding method, the Minimum Spanning Tree (hereafter MST) algorithm, to the Fermi -LAT sky at energies higher than 10 GeV. The aim was to search new clusters in the arrival directions of γ-ray photons, which could be an indication for localized high energy sources. These papers illustrated the good performance of MST for finding clusters having a small number of photons, but likely related to pointlike sources. In particular, in Paper I we applied the algorithm to the 6.3 years LAT Pass 7 dataset, searching for sources coincident with blazars not previously known as γ-ray emitters, because these objects are the majority of identified sources at these high energies (see the recent review paper by Massaro et al. 2016) . The most recent and improved release of the LAT data (Pass 8, Atwood et al. 2013 ) was used in Paper II for an MST search of clusters likely associated with new High Synchrotron Peaked infrared-selected candidate blazar sources reported in the 1WHSP catalogue (Arsioli et al. 2015) .
In this paper we report the results of a new MST analysis in the same Pass 8 sky (above 10 GeV for Galactic latitudes b > |25
• |) which gave a list of 25 clusters located very close to blazars reported in the 5th Edition of the Roma-BZCAT , hereafter 5BZCAT) but not in Fermi Collaboration catalogues (2FGL, Nolan et al. 2012; 3FGL, Acero et al. 2015; 1FHL, Ackermann et al. 2013) . Three of these clusters, however, correspond to sources in the 2FHL catalogue (The Fermi-LAT Collaboration 2015) . As in Paper II we adopted more severe selection criteria with respect to those used in the Paper I to obtain a "safer" sample.
In Section 2 the MST algorithm is briefly summarized, while in Section 3 we discuss its application to the Fermi -LAT sky and the properties of the selected clusters. In Section 4 the standard maximum likelihood analysis is applied to the candidate sources, in Section 5 some of these sources are discussed in detail and in Section 6 we draw our conclusions.
Photon cluster detection by means of the MST algorithm
In this Section a short summary of the MST algorithm principal characteristics is given. A more detailed description of the method is presented in Papers I and II, and an extensive discussion of its statistical properties can be found in Campana et al. (2008 Campana et al. ( , 2013 . The Minimum Spanning Tree algorithm is based on graph theory and searches for clusters in a field of N points (nodes). The MST is the (unique) graph without closed loops, i.e. a tree, that connects all the nodes with the minimum total weight. In our case, the node coordinates are the photon arrival directions on the celestial sphere, and the edge weights λ i are the angular distances between the locations of photon pairs. The total weight is simply the sum of all the edges.
After the computation of the MST, a 2-step primary selection extracts a set of subtrees corresponding to photon clusters. The first step (separation) removes all the edges having a length λ > Λ cut , the separation value, usually defined in units of the mean edge length Λ m = (Σ i λ i )/N . The resulting set of disconnected subtrees is further filtered by the second step (elimination), that removes all the sub-trees having a number of nodes n ≤ N cut , leaving only the clusters having a size over a properly fixed threshold. A first list of clusters is therefore given by remaining set of sub-trees.
A secondary selection is then applied to extract the most robust candidates for γ-ray sources. A suitable parameter for this selection was found to be the magnitude of the cluster, defined as M k = n k g k , where n k is the number of nodes in the cluster k and the clustering parameter g k is the ratio between Λ m and λ m,k , the mean length of the k-th cluster edges. As shown in Campana et al. (2013) , √ M has a linear correlation with other statistical significance parameters and that it can be a good estimator of the significance of a MST cluster. Usually (Campana et al. 2013 , Papers I, II) a lower threshold of M ∼ 20 is used.
From a weighted mean of the cluster photon's coordinates the cluster centroid location can be computed (see Campana et al. 2013) . Another quantity that can be evaluated in order to investigate the compatibility of the cluster with a γ-ray source is the radius of the circle centred at the centroid and containing the 50% of photons in the cluster, the median radius R m . For a cluster likely associated with a genuine pointlike γ-ray source, R m should be smaller than or comparable to the 68% containment radius of instrumental Point Spread Function (PSF). This radius varies from 0.
• 25 at 3 GeV to 0.
• 12 at 10 GeV in the case of front-converting events , using the latest instrumental response files 1 . We also expect that the angular distance beetween the positions of the cluster centroid and the possible optical counterpart are lower than the latter value. The search for clusters of γ-ray photons by means of MST was performed after the exclusion of the Galactic belt up to a latitude |b| ≤ 25
• to reduce the possibility of finding clusters originated by local high background fluctuations. Each of these two spherical broad regions was then divided into ten smaller parts where MST was applied. The parameters of primary selection of clusters in the 10 GeV sky were N cut = 4 and Λ cut = 0.7Λ m ; then a secondary selection was applied with a rather robust threshold, M > 20. A sample of 921 clusters was obtained, of which 716 have a firm 2FGL or 3FGL counterpart and one is coincident with the well known GRB 130427A (Maselli et al. 2014; Ackermann et al. 2014) . For 165 clusters 1FHL counterparts were found, five of which not included in the 3FGL catalogue. Therefore, the remaining sample contains 199 clusters, of which 189 are not related to previously known γ-ray sources and 10 are associated with the very recently published 2FHL catalogue (The Fermi-LAT Collaboration 2015) at energies higher than 50 GeV, also based on the Pass 8 sky.
The superposition of the positions of these 199 clusters with the 5BZCAT blazars with a positional matching within a maximum angular separation, computed using the cluster centroids' coordinates, of 6 (0.
• 1, this value was found in Paper I to be optimal), provided 34 clusters: 9 of them were already found in Paper I using the Pass 7 sky 3 and the remaining 25 new clusters are listed with their most important parameters in Table  1 .
Three of these 25 clusters were found to match new sources in the 2FHL catalogue (The Fermi-LAT Collaboration 2015) at energies higher than 50 GeV. Their angular distance is lower than 2 and therefore these associations can be considered as safe. These 3 sources are reported in the lower section of Table 1 , where their 2FHL counterpart is also shown. Therefore, a total of 22 clusters associated with blazars not previously known as γ-ray emitters is found. It should be pointed out that, as shown in Table 1 , 4 of these clusters are in good positional coincidence (between 0.
• 05 and 0.
• 24) Table 1 Coordinates and main properties of MST clusters detected at energies higher than 10 GeV (Λcut = 0.7 Λm, Ncut = 4) associated with 5BZCAT sources. The second and third columns give the J2000 coordinates of MST clusters, angular distances ∆θ are computed from these values and the catalogue positions of the 5BZCAT sources. In the last column, c indicates a candidate BL Lac in the 5BZCAT, el the presence of emission lines in the optical spectrum, conf a possible confusion, e.g. the presence of more than one possible counterpart. The lower section of the (Selig et al. 2014) .
In the 5BZCAT the large majority (18) of these associated blazars are classified as BL Lac objects (BZB), six are classified as galaxy-dominated blazars (BZG) while one is a blazar of uncertain classification (BZU).
Remarkably, no Flat Spectrum Radio Quasar (BZQ), the most numerous class of blazars in the 5BZCAT with 1909 objects over a total of 3561 sources (∼54%), was found. If the MST-5BZCAT associations were due to chance, it could be expected that more than 50% of blazars should be BZQ. A simple calculation of the binomial probability to have zero positive cases over 25 with a probability of 1909/3561 = 0.536 gives the very low value of ≈ 5 × 10 −9 .
An estimation of the expected number of correspondences N ex assuming a random matching between MST cluster centroids and catalogued sources can be derived (see also Paper II) from the ratio between the sum of solid angles of clusters ω i to the total solid angle of the explored sky region Ω, multiplied by the number of blazars N b :
where N c is the number of clusters, assumed all having the same solid angle ω corresponding to a circular region of radius equal to 0.
• 1. From Ω = 7.256 sr and ω = 9.57 × 10 −6 sr, with N c = 199 and N b = 1652, that is the number of objects in the 5BZCAT excluding FSRQs (BZQ), we obtain N ex = 0.43, a value much smaller than our result.
Maximum likelihood analysis
Similarly to the analysis performed in Papers I and II, a standard unbinned likelihood analysis was done for each MST cluster. The Region of Interest (ROI), with a radius of 10
• , is centered at the MST cluster centroid coordinates, and standard screening criteria were applied to the Fermi -LAT data above 3 GeV. This lower energy threshold was chosen in order to confirm the detection of sources also at lower energies, where MST is less efficient for selecting clusters because of the much higher photon density and the presence of a rich population of bright sources. The likelihood analysis was performed considering all the 3FGL sources within 20
• from the cluster centroid, as well as the Galactic and extragalactic diffuse emission. A further source with a power-law spectral distribution was assumed at the MST coordinates. The normalization and spectral index of all the 3FGL sources within the ROI was allowed to vary in the fitting, while the parameters of the sources between 10
• and 20
• from the center of the field of view were fixed to their catalogue values. The likelihood Test Statistics (T S) was derived from this analysis, together with the fluxes in the two 3-300 and 10-300 GeV bands for the sources with √ T S > 5. The results are reported in Table 2. ML analysis thus confirmed all these findings and only six objects have 4 < √ T S < 5: two of them have a high clustering with g > 3, whereas for the other four clusters it is lower. In the following subsections we discuss about the actual significance of these detections.
Finally, the aperture photometry lightcurve was computed for each cluster. No significant variability was detected for any source.
High g clusters with low T S
The two panels in Figure 1 show the 6
• ×6
• regions containing the two low-significance clusters that have high g values (MST 0723+5841 and MST 1402+1559): in both panels all the known BL Lac objects correspond to photon clusters detected at energies above 10 GeV and also above 7 GeV.
In the left panel three blazars corresponding to clusters are visible: 5BZB J0723+5841 is located close to the most significant cluster (marked with "A" in the figure) ; it was already reported in the 1FGL catalogue with a statistical significance of 4.56σ and a photon flux of (6.26±2.66)·10
−10 ph cm −2 s −1 but not confirmed in the 2FGL and 3FGL catalogues. The other two blazars were previously undetected in the γ-ray band: 5BZB J0712+5719 is very close to the low g cluster MST 0712+5719 (marked with "B", see next Section) and 5BZG J0737+5941 is near a cluster detected above 7 GeV but below our M threshold at higher energy. The latter object is a flat spectrum radio galaxy (UGC 3927, S4 0733+59) at the redshift z = 0.0405 already considered as a possible GeV-TeV source (Abdo et al. 2009 ).
The region on the right panel contains three known BL Lacs of which only one was already reported as a 3FGL source. One of the other two corresponds to the cluster found in this work, while no apparent concentration of high energy photons is close to the other 5BZ-CAT object.
It is interesting to note that, in addition to two low significance clusters, there is another one with 7 photons (>10 GeV) but a very high g = 5.259 and M = 36.811 (marked as "B" in the map) without an obvious counterpart. The centroid of this cluster is at only ∼20 from the flat spectrum radio source TXS 1408+148, with the optical counterpart SDSS J141028.05+143840.1 a galaxy at z = 0.144 and proposed as a γ-ray candidate by D'Abrusco et al. (2014) on the basis of its WISE colours. We found several other clusters with similar characteristics and not associated to known blazars or candidate, and this topic will be discussed in a forthcoming paper.
It appears, therefore, that the associations of these three low-T S, high-g clusters with BL Lac objects could be considered safe. In particular, the early 1FGL γ-ray detection of 5BZB J0723+5841 is now confirmed by the well apparent photon cluster above 10 GeV in Figure 1. 
Low g clusters with low T S
Clusters with g values lower than 3 can reach a significance above the T S threshold, as in the cases of MST 1449+2746 (associated with 5BZG J1449+2746) and MST 0022+0008 (5BZG J0022+0006 and 2FHL J0022.0+0006), but more frequently they are also found with √ T S < 5. This fact can be interpreted in different ways, considering that their photon number must generally be higher than 8 to reach the M threshold for the secondary selection. The low clustering can be thus due either to a small dense core in a low density halo or to a rather sparse cluster structure. In any case, these clusters do not have a good stability, in the sense that a small change of the selection parameters, as the size of the search region (affecting the value of Λ m ) or the adopted Λ cut , can produce a variation of M across the threshold. These clusters might be related to weak sources but the possibility of a local background fluctuation cannot be excluded. In any case, an inspection with a finer study of the their environment could help to understand their nature.
The cluster MST 0712+5719 corresponding to the BL Lac object 5BZB J0712+5719, that has the lowest g, is indicated by the letter "B" in the photon map in the left panel of Figure 1 . As noticed above all the clusters at energies higher than 10 GeV present in this region were found very close to blazars and thus it appears very unlikely that random background fluctuations have such a good positional matching. In these 6
• fields the only clusters present are all coincident with BL Lac objects.
In the field of MST 0828+2312, whose g is close to 3, there are only three clusters above the M threshold (one corresponding to a 3FGL source and the other to 5BZB J0820+2353) and all are matching BL Lac positions. There is only one cluster (MST 0913+8133, M > 20) in a 6
• field around 5BZB J0913+8133 with a very good positional correspondence. Again, three clusters (M > 20) are in the last 6
• field: one is MST 1134−1729 associated with 5BZB J1134−1729, another matches a 3FGL source and the other corresponds to 5BZB J1137−1710. All these clusters in a very good positional agreement with BL Lac objects.
In conclusion, the analysis in small sky regions around all these objects demonstrated that all the selected clusters are related to astrophysical objects candidate to be γ-ray sources and the possibility that they are due to background density fluctuations at a so high energy could be considered negligible for all practical purposes.
Properties of the newly detected blazars
In Table 2 we reported in addition to γ-ray significance and spectral data some other interesting parameters: the radio flux density at 1.4 GHz from NVSS or FIRST, optical magnitude in the R or r (SDSS) bands and the redshift z, useful for the understanding of the main properties of these blazars.
Two of the BL Lac objects found in this search are classified as candidate in the 5BZCAT, while the other 16 are confirmed. Optical spectra of the latter type are therefore available in the literature or in the web, while those of the former ones are unpublished. Spectra are generally dominated by a continuum with a blue excess typical of HBL objects. 14 of the 18 BL Lacs are also in the 1WHSP catalogue (Arsioli et al. 2015) supporting this classification.
Note that there are six BL Lac objects at z > 0.4, two of which are also in the 2FHL catalogue. In the 5BZCAT redshifts are reported for 437 BL Lac objects and 208 have a value higher than 0.4. Figure 2 shows the plot of the radio flux density at 1.4 GHz as a function of z for the subsample of the latter sources. At radio flux densities higher than 100 mJy a large fraction of BL Lac objects was already detected in the γ-rays (magenta circles) whereas below this value the number of detections decreases rapidly and none is present below 10 mJy. Three of our six sources are at flux levels under this limit. This result indicates that our findings increased the number of low luminosity sources detected at these energies.
In the following subsections the properties of some individual sources, in particular those classified as BZG and BZU, are discussed. large magenta circles mark sources previously detected at γ-ray energies while red squares mark the seven sources found in the present work.
5BZB J1402+1559
This source has the highest flux density in our sample and its optical spectrum presents either emission lines with a borderline equivalent width EW ≈ 6Å between the typical values for BL Lacs and quasars or a featureless power law continuum (Falomo et al. 1994 ). In the 5BZCAT it is listed among BZB sources but a note claims for a possible BZU classification. A VLA image at 20 cm (Antonucci and Ulvestad 1985) reveals an extended complex structure with a dominant compact core and the radio spectrum can result steep according to the used resolution. In D'Abrusco et al. (2014) it was proposed as a candidate γ-ray source because its WISE mid-infrared colours are similar to those of confirmed γ-ray blazars. The present detection confirms these expectations for the occurrence of a blazar core.
5BZU J2156−0037
This optically faint source was classified of uncertain type in the 5BZCAT because the available spectra (Hook et al. 2003, SDSS) are noisy and the occurrence of weak emission lines could not be excluded. The redshift z = 0.495 given by Jackson et al. (2002) is therefore unsafe. It is possible that this source is a far BL Lac object similar to the other ones found in this search, and new spectroscopic analysis will be useful to establish its nature. In any case the detection in the high energy γ-ray band is strongly supported by the very significant √ T S = 9.3.
The 5BZG sources
The 5BZCAT reports 274 BZG sources and only 27 of them (∼10%) are associated with γ-ray sources. In Table 1 there are 6 objects of this type with redshifts in the range from 0.065 to 0.306; all were confirmed with √ T S > 5.0 by the maximum likelihood analysis. Some of them exhibit characteristics closer to radio galaxies than BL Lacs and therefore are presented in some detail in the following.
5BZG J0022+0006
In the present sample this object is the faintest radio source. It was first indicated as a possible BL Lac counterpart to a ROSAT source by Brinkmann et al. (2000) and later by Collinge et al. (2005) using SDSS spectra. The WISE colours (W 1 − W 2 = 0.34, W 2 − W 3 = 1.97) are compatible with the blazar region defined by D' Abrusco et al. (2014) . Its spectrum in SDSS, however, presents a clear dominance of the host galaxy emission with a well evident Ca H&K break. There is also a very close γ-ray source in the 2FHL catalogue at energies above 50 GeV (The Fermi-LAT Collaboration 2015).
5BZG J1105+3946
This source is in the compact group of galaxies Shk 007 (Shakhbazyan 1973; Stoll et al. 1996, see also Figure 3) . It is a CLASS source reported as a blazar by Marchã et al. (2001) and is also in the Low-frequency Radio catalogue of Flat-spectrum Sources by Massaro et al. (2014) . The SDSS optical spectrum is typical of an elliptical galaxy with some narrow emission lines. No X-ray detection is reported. WISE colours (W 1 − W 2 = 0.41, W 2 − W 3 = 2.27) are marginally compatible with the locus occupied by γ-ray blazars in the colour space ). There is a Planck source at about 2. 2 (Planck Collaboration et al. 2014) . This source appears likely as an active radio galaxy rather than a typical BL Lac object.
5BZG J1215+0732
This source, also known as 1ES 1212+078, is apparently located inside the galaxy cluster GMBCG J183.79574+07.53462, whose spectroscopic redshift is not known but the photometric estimate is 0.227, that if confirmed is about 70% higher than the one of the 5BZG source. It is generally reported in the literature as a BL Lac object, but the optical emission in the SDSS spectrum appears dominated by the host galaxy component. A VLA radio image (Rector et al. 2003) shows a jet elongating for about 50 pc and in Massaro et al. (2013) it was proposed as a TeV emitter candidate on the basis of ROSAT and WISE data. The present detection above 10 GeV confirms the BL Lac properties of this source. Fig. 3 Image of the compact group of galaxies Shk 007 with 5BZG J1105+3946 indicated by the arrow (adapted from SDSS r-band image). The image side is 1. 5.
5BZG J1449+2746
This BZG object is the closest to the MST cluster centroid position. It is a good candidate as high energy source because it was identified as the counterpart to a ROSAT source and is classified as a HBL. However, this is a case of possible confusion because there is another object that could be also associated with the γ-ray emission. The closer and brighter galaxy MCG +05-35-018 (z = 0.030) is at only 1. 20; it is also reported in the CRATES catalogue because of its flat radio spectrum and is considered variable by Thyagarajan et al. (2011) . Moreover, there is the galaxy cluster MSPM 00116 (z = 0.031), that could be partially responsible for X and radio emission.
5BZG J1515+2426
This radio source was classified as a BL Lac object by Brinkmann et al. (2000) , but in SDSS it appears a red galaxy (u − r = 1.88). No other interesting possible counterpart to the γ-ray cluster can be found up to a 12 radius.
5BZG J1518+4045
This flat spectrum radio source was identified as the counterpart of a ROSAT source (Laurent-Muehleisen et al. 1997; Brinkmann et al. 2000) and reported as a weak line AGN in the CLASS BL Lac sample (Marchã and Caccianiga 2013) . The SDSS spectrum of this galaxy presents several emission lines (Hα, Nii, Sii, Oii), the high Ca H&K break and the colour u − r = 2.60 that justify its classification as a BZG source in the 5BZCAT, while in the previous editions it was named as BZU. Moreover, the WISE colours are largely outside the locus occupied by γ-ray blazars in the colour space ) and close to the regions of stars and normal galaxies. This source, therefore, could be a transition object between a radio galaxy and a blazar.
Summary and discussion
Our application of MST for searching localized photon clusters in the LAT Pass 8 sky confirmed the good performances of this method. We verified also the consistency of the Paper I (Pass 7) sources with the Pass 8 sky: 15 of the 19 detected clusters in the older data were confirmed with a comparable or higher significance; in some cases a reduced number of photons was overcompensated by a higher clustering parameter. Two the remaining 4 clusters (MST 0932+1042 and MST 1005+6443) were found with a low photon number but with g > 3, while the significance of other two (MST 1311+3951 and MST 1423+1414) decreased because both n and g resulted lower than in Pass 7. To gain more confidence on the cluster significance in the present work we applied a secondary selection using higher values of the parameters, as already done in Paper II.
In the present paper we reported 25 new clusters to be associated with known BL Lac or similar objects (3 of them are in the new 2FHL catalogue). No association with FSRQ sources was found, supporting the picture of a GeV to TeV sky preferentially dominated by BL Lacs. This result can be understood on the basis that BL Lac objects, and particularly HBLs, have gamma ray spectra much harder than FSRQs, as clearly apparent in the photon index plot by Singal et al. (2012) . In the 3LAC population ) the mean photon index of BL Lacs is 2.01 ± 0.25, and the one of HBLs is 1.87 ± 0.20, while FSRQs have 2.44 ± 0.20. Therefore it can reasonably be expected that above 10 GeV the new and weaker sources, not already detected at lower energies, are mostly HBL objects, and this is also supported by the values of the photon indices in Table 2 .
Our detections were generally confirmed by the standard maximum likelihood analysis. Considering also the 19 BL Lacs previously discovered in the Pass 7 sky (Paper I) and the other 16 sources (Paper II) in the 1WHSP catalogue (Arsioli et al. 2015) , the use of our method based on the MST clustering has provided up to now several tens of new possible γ-ray blazars. It should be emphasized, however, that these discoveries are mainly due to the improvement of instrumental response functions used for producing the Pass 8 sky and to an exposure with a duration of about twice the one considered at the epoch of 3FGL catalogue.
